Résumé. 2014 Nous avons étudié l'effet des contraintes uniaxiales sur le spectre de 
Abstract. 2014 The effect of uniaxial stress on the EPR spectrum of the 3T1u relaxed excited states of F centres in CaO is reported. From symmetry considerations only, an effective Hamiltonian is derived in order to describe the spin-lattice coupling in a 3T1u level undergoing a strong coupling to Eg modes of vibration (static Jahn-Teller effect). It is shown that the spin-lattice coupling is about four orders of magnitude smaller than the orbit-lattice coupling. The physical origin of the spin-lattice coupling is analyzed ; three mechanisms are considered : variation with the applied strain of (i) the spin-orbit interaction, (ii) the dipole-dipole interaction, (iii) the Jahn-Teller stabilization energy, this last mechanism being the most effective. Estimates for the parameters of the vibrational coupling to Eg modes, of the spin-orbit interaction, and of the dipole-dipole interaction are given.
LE JOURNAL DE PHYSIQUE TOME 39, JUILLET [1, 2] . They attributed the strong absorption band at 3.1 eV to the electronic transition 1 A 1g -1 T 1u, and the long-lived emission at 2.1 eV to the spinforbidden transition 3Tlu -+ 1 Alg. More precise information about the relaxed excited states 3Tlu was obtained by Edel et al. [3] using the technique of optical detection of magnetic resonance. Three equivalent electron paramagnetic resonance (EPR) spectra of tetragonal symmetry were observed, indicating a strong interaction with the Eg modes of vibration and a static Jahn-Teller effect [4] . Recent studies by Cibert et al. [5] and BontempsMoreau et al. [6] We shall briefly recall the theory developed by Ham [4] and at the same time introduce our notations. It will be assumed that the orbital triplet T Eo is the energy of the orbital triplet T1u before the Jahn-Teller effect has been considered. The JahnTeller stabilization energy, EJT, is the amount by which the potential energy is lowered at the new equilibrium position of the harmonic oscillator (see Fig. 1 In (9), the first and second terms inside parenthesis describe respectively the fine structure and the effect of strains, while the last term is the spin Zeeman effect. The number of terms in (9) is restricted by symmetry considerations :
(i) As orbital states and spin states belong to Tl, T and T' should be contained in the product (ii) Terms in (9) should be invariant in the operations of the cubic group Oh. A necessary condition is that the product r x r' for the first term, or r x F' x r" for the second term, contains the unity representation AI.
(iii) The product 1;'1 Sr,Y,, should be invariant under time reversal. l' and S being odd, terms with r = E and F' = T, for example must be rejected. The first three terms are strain independent, and describe the fine structure of the 3Tlu level. Terms 4 to 6 describe the direct effect of strain on the ground vibronic triplet 1 fui, 0, 0 ». The coefficients Vi, V2 and V3 were determined by measuring the effect of uniaxial stress on the zero phonon line [7] . Terms 7 to 11 describe the effect of strain on the spin sublevels. It will be shown that they. are four The first line of (11) [3] . [3] . The experimental setup is shown in figure 4 . The emission at 600 nm ( [7] was confirmed by our own measurements.
As discussed in section 2, the effect of a [ 111 stress on the vibronic triplet 1 fui, 0, 0 » is strongly reduced, and no shift of the zero phonon line could be observed. Thus for this direction of the applied stress one had to rely on the calibration of the stress apparatus. Fig. 6 ). With increasing pressure, the Y and Z lines shifted linearly (see Fig. 5b Fig. 6 ). Since the X vibronic level is shifted toward higher energy, its intensity will decrease as a result of thermalization inside the vibronic levels [5, 10] . However The main contributions of the various orders of the perturbation calculation are given in columns 3 to 5. R, fa, ..., fd are overlap integral functions of the harmonie oscillator defined in appendix II and also shown in figure 2 Perturbation calculation 0 Ref. [5] , (b) Ref. [1 ) ], (C) Ref. [3] , (d) Ref. [7] , e) Ref. [11] . Ddd is the contribution from the dipole-dipole interaction Jedd. It appears in first order of the perturbation since Jedd contains diagonal orbital operators. Dso comes from the second order effect of the spin-orbit interaction (Eq. (8)), and is given by :
The complete expression of D (Eq. (14) ) should include a third term resulting from the second order effect of the spin-orbit interaction between the 3T lu and 1 T 1 u levels [3] . The separation between these levels being large ( N 7 000 cm' 1), this term is small and will be neglected in the present analysis.
When the Jahn-Teller coupling is large, fb has the simple asymptotic value 1/3 SE [4] . Then the expression (15) becomes :
As illustrated in figure 1 , the quantity 3 EJT is the separation of the potential energy surfaces at the equilibrium position in the lowest surface. Now from (14) and (16) (üi) Effect of strain on the vibronic levels. This effect is shown in figure 1 for a strain eo. The set of , states X; ne, ne» and Y, né, n;» are shifted by ! V2 eo, and the set of states Z, n;, n; » by -V2 eo. This is equivalent to a variation of the Jahn-Teller energy f1EJT = ! V2 eo, and of Dso by :
This term appears in third order of the perturbation (second order of the spin-orbit coupling, first order of the orbit-lattice coupling).
The detailed calculations of these effects should take into account the fact that the fine structure is described by a tensor. They are carried out in appendix II for a Jahn-Teller coupling of arbitrary strength i.e. without making the adiabatic approximation. [13] in interpreting the temperature dependence of the emission spectrum in the range 50 I)C-350 OC.
In the following we shall try to estimate SE, nWE' À and PI by using data in (Table I) . It gives the same order of magnitude for all the coefficients, ... xr 1 cm -1.
In conclusion the present analysis showed that the dominant mechanism of spin-lattice coupling is that involving the direct effect of strain on the vibronic levels (mechanism (iii) in section 4.1). It [10] , and of the paramagnetic relaxation. It is interesting to note that terms 7 to 11 involve diagonal orbital operators, and thus allow only relaxation inside a given Jahn-Teller well. It can be easily shown that they give rise to relaxation times of the order of one second at 4.2 K. This is much longer than characteristic times ( 20 ys) observed by Cibert et al. [5] and Bontemps-Moreau et al. [6] . These The first term Xo-s is the usual Hamiltonian describing the orbit-lattice coupling [4] , and has the following form :
The second and third terms, JCdd-S and Jeso-S, describe the variations with strain of the dipole-dipole interaction and of the spin-orbit interaction respectively. They can be written as :
The dipole-dipole interaction is small. where f3 -# f3' -# f3", and £' indicates that the case n.k n.= k = 0 should be excluded. For SE 1, it can be shown that :
As shown in column 5 of table III, these third order contributions are important for the two parameters and 9.
